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Abstract. Hurricanes can strip leaves from plants and provide other stresses that can
reduce resource availability for subsequent reproduction. In addition, hurricanes commonly
reduce populations of bird pollinators. I measured both resource and pollination limitation
of fruit set for Bahama Swamp-bush (Pavonia bahamensis) on San Salvador Island in the
Bahamas before and after two seasons of hurricanes.
Before the hurricanes in the winter flowering season in 1994–1995, fruit set of P.
bahamensis was 100% for most shrubs. After a mild hurricane, in 1995–1996, fruit set was
48%. After the severe Hurricane Lili (Category 2) in 1996–1997, mean fruit set was only
11%. In both years after the hurricanes, lower fruit set reflected resource limitation. In
1996–1997 after Hurricane Lili, fruit set was severely reduced an additional 74% by pol-
lination limitation.
Pollination limitation was caused by declines of the two bird pollinators, Bananaquits
and Bahama Woodstars. In 1994–1995, both species were frequent visitors to flowers, but
in 1996–1997 these birds were rarely seen on the island. A concurrent mist-netting study
indicated that Bananaquit populations were decimated after Hurricane Lili in 1996. Nectar
removal was virtually absent, and pollen deposition on stigmas was low. In 1994–1995,
98% of the stigmas had received pollen by the end of floral life. In contrast, in 1996–1997,
51% of the flowers had received no pollen, supporting the conclusion that pollination
limitation of fruit set was strong. There was no compensatory pollination by other polli-
nators, either other bird species or insects.
These results indicate that severe hurricanes can affect fruit set directly through resource
limitation and indirectly through reducing bird pollinators and causing pollination limitation
of fruit set. Reduced fruit set after a hurricane could be especially disadvantageous because
hurricanes can create sites for plant recruitment. Although resource limitation of fruit set
may affect many plant species, bird-pollinated species may be faced with a double jeopardy
of resource limitation of fruit set and pollination limitation of fruit set. Whether this dis-
advantage affects the recruitment of bird-pollinated plants after hurricanes or their adap-
tations for recruiting after hurricanes remains to be examined.
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INTRODUCTION
Many recent studies have documented that hurri-
canes can strip plants of their leaves and provide other
stresses, such as high rainfall, high winds, or salt spray,
which destroy flower and fruit resources for some time
afterwards (e.g., Vandermeer et al. 1990, Reilly 1991,
Roth 1992, Walker et al. 1992, Boose et al. 1994, Zim-
merman et al. 1994, Bronstein and Hossert-McKey
1995, Grant et al. 1997, Pascarella 1998). These stress-
es could act directly to decrease the ability of plants
to produce flowers or fruit after the hurricane. Hurri-
canes also commonly devastate populations of nectar-
ivorous birds, probably because these birds are left with
few nectar or fruit resources (Askins and Ewert 1991,
Lynch 1991, Waide 1991, Will 1991, Wauer and Wun-
derle 1992, Wunderle et al. 1992, Wunderle 1995, Mur-
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phy et al. 1998). This decline in bird pollinators seems
likely to affect subsequent pollination of bird-polli-
nated plants. However, little is known about how hur-
ricanes affect subsequent fruit set either directly
through resource limitation of fruit set or indirectly
through pollination limitation of fruit set. Here I eval-
uate both resource limitation and pollination limitation
of fruit set after hurricanes on San Salvador Island,
Bahamas, for a bird-pollinated shrub, Bahama Swamp-
bush, Pavonia bahamensis Hitchc. (Malvaceae).
Bahama Swamp-bush is endemic to the Bahamas and
is also limited to narrow zones of habitat near man-
groves along the ocean or hypersaline lakes (Correll
and Correll 1982, Smith 1993, Rathcke et al. 1996).
Shrubs show seasonal steady-state flowering (sensu
Gentry 1974) so few flowers are available at any one
time. As a consequence, both shrub and flower popu-
lations are small. The limited distribution and small
populations of this species may make it especially vul-
nerable to environmental changes and habitat destruc-
tion (Rathcke 1998).
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TABLE 1. Pollination syndrome of Bahama Swamp-bush, Pavonia bahamensis (Malvaceae), compared to the typical bird-
pollination syndrome (modified from Rathcke, unpublished manuscript).
Trait Typical Pavonia Bahamensis
Corolla color
Odor
Shape
Nectar
vivid; red
none
tubular corolla
ample
green; yellow anthers
none
calyx and petals form tube
ample
Volume (mL)
Concentration
Secretion
Flower opening
Phenology
···
;20% sucrose
continuous
day
steady-state
(.100 mL/flower/day)
20% sucrose-equivalents
continuous
day
seasonal steady-state
To estimate resource and pollination limitation on
fruit set, I compare the fruit set (fruit/flower) of P.
bahamensis under different pollination treatments be-
fore and after hurricanes, and I propose new relative
measures of resource and pollination limitation for
comparisons. Resource limitation of fruit set was es-
timated as percentage of fruit set of flowers with aug-
mented pollen relative to the maximum fruit set of
flowers observed before the hurricanes. Pollination
limitation was estimated as percentage of fruit set of
naturally pollinated flowers relative to the fruit set of
flowers with augmented pollen. I also measured pollen
deposition and nectar removal as indicators of flower
visitation and pollination, and I relate these indicators
to observations of flower visitation by birds and to
percent fruit set over three flowering seasons.
STUDY SPECIES
Pavonia bahamensis
Pavonia bahamensis Hitchc. (Malvaceae) is a shrub
or small tree that is endemic to islands in the south-
eastern Bahamas Archipelago (i.e., San Salvador,
Crooked Island, Acklins Island, Turks and Caicos; Cor-
rell and Correll 1982). San Salvador is the northern-
most island where it is found. Pavonia bahamensis
grows in rocky coastal thickets (Correll and Correll
1982, Smith 1993, Fryxell 1999) and along the shores
of hypersaline lakes just inland and adjacent to man-
groves (Rathcke et al. 1996).
The major period of flowering for P. bahamensis on
San Salvador is November through January (B. Rath-
cke, personal observations, and unpublished data from
herbarium collections). A few flowers can be found at
other times of the year. For the Bahamas Archipelago,
Correll and Correll (1982) report flowering throughout
the year. Flowers open continuously throughout the
day, and plants typically have few open flowers per day
(seasonal steady-state flowering, Gentry 1974) over the
winter-flowering months (see also Rathcke et al. 1996,
Rathcke 1998; Rathcke, in press).
Flowers have many characteristics typical of bird-
pollinated species (Howe and Westley 1988), except
the corolla is green, not red or vivid (Table 1; see also
Rathcke et al. 1996, Rathcke 1998; Rathcke, in press).
Flowers have no detectable odor, the calyx forms a tube
that contains large amounts of nectar that is relatively
dilute. Flowers open continuously throughout the day
and secrete nectar continuously.
Pavonia bahamensis depends upon bird visitors for
fruit set. Flowers do not self-pollinate and plants are
weakly self-compatible if at all (Rathcke 1998; Rath-
cke, in press).
Flowers are unlikely to self-pollinate because the
anthers are separated in distance from the stigma (her-
kogamy) and are partly protogynous; i.e., the stigma
becomes receptive before the anthers release pollen but
remains receptive as pollen is later released (Rathcke,
in press).
Bird pollinators
Two bird species, Bananaquits (Coereba flaveola:
Emberizidae, Coerebinae), also called the Bahama
Honeycreeper, and Bahama Woodstars (Calliphlox ev-
elynae: Trochilidae), were the only major flower pol-
linators observed visiting flowers of P. bahamensis
over three major flowering periods in December and
January, 1994–1995, 1995–1996, and 1996–1997 (Rath-
cke et al. 1996, Rathcke 1998). These two species are
the only nectarivorous birds on the island (Murphy et
al. 1998). Although other birds, especially warblers,
may occasionally visit flowers for nectar, I never saw
them visit P. bahamensis. I observed a single foraging
bout by a Bahama Mockingbird (Mimus gundlachii:
Mimidae) in January 1997.
Bananaquits are very common on San Salvador
(White 1991). In a mist-net study of birds over three
years (January 1994, 1996, and 1997) on San Salvador
within 100 m of my study site, Bananaquits made up
56% of resident captures in three habitats; thicket, man-
grove, and disturbed (Murphy et al. 1998). Bahama
Woodstars were not captured successfully by mist nets
and their abundance cannot be quantified, but they were
observed in the area (Murphy et al. 1998).
RESEARCH SITE
San Salvador is one of the easternmost islands in the
Bahama Archipelago (248059 N, 748309 W; Shaklee
1996). The island is about 600 km east south east of
Miami, Florida, and 340 km north of Cuba. San Sal-
vador Island is approximately 19 km long and 8 km
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wide (Smith 1993). The study site is located near the
Bahamian Field Station at the northeastern end of the
island near Graham’s Harbor. I studied shrubs growing
along the southern edge of Reckley Hill Pond, a small
hypersaline pond southeast of the Bahamian Field Sta-
tion.
Annual temperature variation on San Salvador is
only 68C with the coolest months averaging 228C (Jan-
uary and February) and the warmest months averaging
288C (July and August; Shaklee 1996). Total annual
mean rainfall on San Salvador is 1007 mm (Shaklee
1996). The rainiest month is October with 205 mm
recorded, and this is within the major hurricane season
(August to November) which often brings heavy rains
(Shaklee 1996).
The original vegetation of San Salvador was prob-
ably dominated by marine tropical woodland with ma-
hogany, Swietenia mahogoni, but these forests were cut
with the establishment of plantations in the 1700s and
1800s (Eshbaugh and Wilson 1996). The current veg-
etation reflects this human disturbance (Eshbaugh and
Wilson 1996), and the general vegetation is classified
as a ‘‘scrubland’’ community (Smith 1993).
Hurricanes are more common in the Bahamas Ar-
chipelago, including San Salvador and perhaps the
Lesser Antilles, than most other areas bordering the
Caribbean Basin or the Gulf of Mexico (Shaklee 1996).
Between 1899 and 1994, 13 hurricanes have passed
directly over San Salvador (0.12/yr), but 33 hurricanes
have affected San Salvador (0.34/yr, or about once ev-
ery 3 yr; means calculated from Shaklee 1996). How-
ever, there were no hurricanes between 1966 and 1978,
and none again between 1981 and 1994 (Shaklee 1996)
when the initial pollination study on P. bahamensis
was done in winter 1994–1995. Therefore, the plants
studied here had experienced a relatively long period
(14 yr) with no hurricanes before 1995–1996.
On 30 July 1995, Hurricane Erin, a Category 1 hur-
ricane, passed west of San Salvador Island with winds
up to 75 miles per hour and heavy rains on San Salvador
(Bahamas Department of Meteorology, no date). Hu-
man damage was fairly minimal, and there was little
obvious damage to plants.
In 1996, three hurricanes occurred on or near San
Salvador. The most severe hurricane was on 19 October
when the eye of Hurricane Lili passed directly over
San Salvador Island with winds up to 169 km/h and
with heavy rainfall (7.11cm on San Salvador over four
days starting 17 October; Bahamas Department of Me-
teorology, no date). Lili was a Category 2 storm, and
it caused extensive damage to buildings. It stripped
many trees of their leaves (Murphy et al. 1998). In
addition, Hurricane Bertha passed to the east of San
Salvador on 10 July 1996 with high winds, and Hur-
ricane Fran passed far to the east on San Salvador on
3 September 1996 with little apparent effect.
METHODS
I studied the pollination biology of P. bahamensis
for three winter flowering seasons during the following
dates: 23 December 1994 to 2 January 1995; 17 De-
cember 1995 to 4 January 1996; and 17 December 1996
to 5 January 1997. This period encompasses the major
flowering period for P. bahamensis on San Salvador.
Most available flowering plants are permanently tagged
and followed.
Percent fruit set (FS) is calculated as %FS 5 100 3
(fruit/flower). For flowers that do not set fruit, the co-
rolla and calyx usually turn pale green, the ovary shriv-
els, and the entire flower abscises within seven to 10
days. Therefore, fruit set was based on whether the
calyx remained green with the ovary expanding after
one week; ambiguous cases were eliminated from the
data set so estimates of FS are conservative. Fruits have
a maximum of five seeds. Seeds per fruit were counted
in a subsample of fruits remaining in June 1995. Most
fruit had five seeds (x 5 4.6 6 0.62, N 5 25; 25 fruits,
four plants), so most of the variation in seed production
is determined by fruit set, and those values are reported
here.
Resource limitation of fruit set was estimated by
comparing fruit set of pollen-augmented flowers (no
pollination limitation) with the maximum fruit set ob-
served in 1994–1995 when fruit was 100% for most
shrubs. A relative measure of percent Resource Lim-
itation (RL) was estimated using the index shown be-
low where P1 equals pollen-augmented flowers and
FS equals fruit set (fruits/flowers):
%RL 5 100(maximum %FS
2 %FS of P1)/maximum %FS
It should be emphasized that this index of resource
limitation does not address the question of whether
adding resources, such as nutrients or light, would in-
crease flower production and/or fruit set. Rather, it ad-
dresses the question of whether the maximum fruit set
possible is achieved by the set of flowers that were
produced under the current circumstances (which could
have been limited by resources). Also, only fruit pro-
duction per flower on a shrub can be addressed because
individual shrubs were too few to relegate to experi-
mental treatments with and without pollen additions
(see Zimmerman and Pyke 1988). Therefore, this mea-
sure indicates the degree of fruit abortion of a sample
flower due to limited resources at the time of fruit
maturation, which could likely be affected by a hur-
ricane stripping leaves from a plant.
Pollination limitation of fruit set was tested by aug-
menting flowers with cross-pollen from at least two
other shrubs and comparing subsequent fruit set with
the fruit set of flowers exposed to natural levels of
pollination. Pollination limitation (PL) was estimated
using a relative index based on fruit sets (FS) of pollen-
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TABLE 2. Pollination treatments on Bahama Swamp-bush,
Pavonia bahamensis, over three winter-flowering seasons
on San Salvador Island, Bahamas. Mean fruit set is shown
for open flowers that were naturally pollinated, and for
flowers augmented with cross pollen.
Treatment
Numbers
Plants
Flow-
ers
Fruit set (%)
x¯ 6 1 SD
1994–1995
Natural pollination
Abundant pollen . 60 grains
6
5
22
18
82 6 30.9a
93 6 13.4a
1995–1996
Natural pollination
Augmented cross-pollen
11
11
67
47
40 6 49.4b
51 6 50.5b
1996–1997
Natural pollination
Augmented cross-pollen
7
7
64
31
11 6 17.9c*
43 6 46.5d*
Notes: Fruit set equals 100 3 (fruits/flowers). Means within
each season with different superscript letters are significantly
different (Mann-Whitney U test, * P , 0.05).
TABLE 3. Estimates of relative pollination and resource lim-
itation of fruit set of Bahama Swamp-bush, Pavonia ba-
hamensis, over three winter flowering seasons on San Sal-
vador Island, Bahamas.
Limitation of fruit set (%)
1994–1995 1995–1996 1996–1997
By resources
By pollination
;0
;0
49
;0
57
74
Notes: See Table 2 and Methods for equations and calcu-
lations. Near zero ;0.
augmented flowers (P1) and naturally pollinated flow-
ers (NP) as shown below:
%PL 5 100(%FS of P1 2 %FS of NP)/(%FS of P1)
If the percentages of fruit set of naturally pollinated
flowers and augmented flowers are equal, then PL 5
0%. If fruit set were zero for naturally pollinated flow-
ers and 100% for pollen-augmented flowers, then %PL
would equal 100%.
It is possible to calculate these relative measures for
each individual plant so that means and variances could
be estimated for different populations or years, and
could be tested for significant differences. However, in
this study, shrubs often had few flowers and nearly
every available flower was used in some treatment.
Therefore, these indices are based on total flowers in
the population during one study season, and significant
differences between years cannot be tested as variances
are not available.
All animals observed visiting the flowers were re-
corded throughout each study period. I typically spent
from two to six hours per day in the local site during
most days for the entire research visit.
As an indicator of pollinator visitation, pollen grains
on stigmas were counted in the field. Pollen grains are
large and can easily be seen with a 103 lens. The
number of pollen grains on stigmas at the end of floral
life was surveyed on tagged flowers and most other
available flowers in the population in all three winter
seasons. The developmental stage of the flowers was
noted for each flower (Rathcke, in press).
As another indicator of visitation, standing crop of
nectar was measured in open flowers. Nectar was col-
lected in 5 mL microcapillary tubes to measure volume,
and sugar concentrations were measured using a Bel-
lingham refractometer (Bellingham, Kent, UK). Sugar
concentrations are based on Brix values, and are cal-
culated as sucrose equivalents according to Bolten et
al. (1979). Nectar production by flower age was mea-
sured by bagging large flower buds with bridal veil
netting and collecting nectar each day. These data are
reported elsewhere (see Rathcke 1998; Rathcke, in
press).
Statistics were done using SYSTAT version 5.01.
Nonparametric statistics are used where data were non-
normally distributed and sample sizes were small. The
small sizes often reflected the total sample size possible
because shrubs are few and flower production is low,
and often highly variable between shrubs per day. As
a consequence, statistics are based on total flowers,
rather than plants, unless noted. Typically, nearly every
available flower on shrubs in the local population was
tagged and was used in some treatment, so often the
entire shrub and flower population on most days were
being studied.
RESULTS
Resource and pollination limitation of fruit set
Fruit set of naturally pollinated flowers of P. ba-
hamensis declined dramatically from 82% in 1994–
1995 to 40% in 1995–1996 to only 11% in 1996–1997
(Table 2). This major decline in fruit set over these
three winter-flowering periods reflects increases in both
resource and pollination limitation.
In 1994–1995, flowers with abundant pollen (.60
grains/stigma) had 93% fruit set, whereas naturally pol-
linated flowers had 82% fruit set; however, these means
were not significantly different (Table 2). Therefore, I
estimated pollination limitation of fruit set to be close
to zero although a few flowers may have experienced
pollination limitation; overall, 2% of the flowers in the
population had no pollen deposition at the end of floral
life (Table 3). Because fruit set was not significantly
different from 100% (the maximum), I also assume that
resource limitation was minimal. Because of the small
sample sizes and the imprecision of percentages, good
estimates are not possible. On the other hand, most
plants and flowers in the local population were studied,
so data are robust and reflect population values rather
than estimates. I interpret these results to indicate that
both resource limitation and pollination limitation were
close to zero in 1994–1995 for most shrubs (Table 3).
In 1995–1996, flowers augmented with abundant
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TABLE 4. Flowers per plant per day for Bahama Swamp-bush, Pavonia bahamensis, in one local site on San Salvador Island,
Bahamas, in different years during days in December and January.
Statistic 1994–1995 1995–1996 1996–1997
Mean 6 1 SD
Plants, flowers (N)
2.5 6 1.89
6, 15
3.1 6 3.94
9, 195
1.1 6 1.23
11, 207
Notes: Average number of open flowers available per plant per day is shown for plants censused in all years. Differences
are not significant; ANOVA, P . 0.10).
TABLE 5. Pollen deposition on stigmas of Bahama Swamp-
bush, Pavonia bahamensis, over three winter flowering sea-
sons on San Salvador Island, Bahamas.
Pollen grains/
stigma
Percentage of flowers
1994–1995 1995–1996 1996–1997
None
.20
.50
Mean 6 1 SD
Flowers (N)
Plants (N)
2
85
46
58 6 45.5
22
6
13
65
45
48 6 34.5
68
11
51
37
7
14 6 22.4
65
7
Notes: Pollen grains were counted at the end of floral life.
Mean and standard deviations are shown for number of pollen
grains.
pollen had 51% fruit set, so resource limitation is es-
timated to have reduced maximum fruit set by 49%;
RL 5 100(100% 2 51%)/100% (Tables 2 and 3). Pol-
lination limitation is estimated to be near zero because
naturally pollinated flowers had 40% fruit set vs. 51%
for pollen-augmented flowers, and these were not sig-
nificantly different (Tables 2 and 3).
In 1996–1997, flowers augmented with abundant
pollen had 43% fruit set, and resource limitation is
estimated to have reduced fruit set by 57%; RL 5
(100% 2 43%)/100% (Tables 2 and 3). However, nat-
urally pollinated flowers had only 11% fruit set. Pol-
lination limitation is estimated to have severely re-
duced fruit set by an additional 74%; PL 5 (43% 2
11%)/43% (Tables 2 and 3).
Flower and nectar production
Although Hurricane Lili stripped most of the leaves
from P. bahamensis in October 1996, the mean number
of flowers open per day per plant did not change sig-
nificantly over the three years (Table 4; see also Rath-
cke, in press). In addition, nectar production per flower
did not decrease in 1996–1997 relative to prehurricane
levels in 1994–1995. In 1994–1995, total nectar pro-
duction per flower over its lifetime was estimated to
be 225 mL, whereas in 1996–1997, it was 458 mL
(Rathcke, in press). These differences may partly re-
flect different sampling methods and sample sizes, but
these data indicate that nectar certainly did not de-
crease, and may even have increased, after the hurri-
cane.
Pollination
Based on field observations, flower visitation by bird
pollinators decreased greatly between 1994–1995 and
1996–1997. In 1994–1995, Bananaquits were the most
common visitors to P. bahamensis flowers. They were
in small flocks of five to seven birds, and appeared to
remain in the local area, visiting flowers continuously
throughout the day (B. Rathcke, personal observa-
tions). I observed flower visits by birds every day dur-
ing 10 research days in 1994–1995. Bahama Wood-
stars, usually males, visited several times a day, typi-
cally probing one to 10 flowers before leaving the local
site. In 1995–1996, Bananaquits were infrequently seen
or heard in the site, but Bahama Woodstars appeared
to visit about as frequently as in 1994–1995. In 1996–
1997, both Bananaquits and Bahama Woodstars ap-
peared to be absent in the site. I never saw or heard a
Bananaquit in the research site during 13 research days
(see also Rathcke 1998). I saw or heard individual Ba-
hama Woodstars only three times during 13 research
days and saw no visits to flowers during this winter
study period.
The decline in bird visitation to flowers over the three
years is supported by the decreased pollen deposition
on stigmas of flowers by the last day of receptivity
(Table 5). In 1994–1995 only 2% of the flowers had
no pollen deposition at the end of floral life, whereas
in 1996–1997, 51% of the flowers had no pollen de-
position. Although flowers have only five ovules (and
five possible seeds), flowers with five to 20 pollen
grains had only 19% fruit set indicating that 20 or more
pollen grains are necessary for maximum fruit set
(Rathcke, in press). Therefore, in 1996–1997, only 37%
of the flowers had effective pollen loads vs. 85% in
1994–1995 and 65% in 1995–1996.
The decline in bird visitation to flowers between
1994–1996 and 1996–1997 is also supported by the
occurrence of greatly increased standing crops of nectar
(nectar remaining in open, visited flowers) in 1996–
1997 (Table 6). In fact, in winter 1996–1997, nectar
was overflowing from flowers. For this period, standing
crop measurements are probably underestimates be-
cause nectar had often dripped out of flowers. No flow-
ers were empty during measurements of standing crops
in 1996–1997 (N 5 52 flowers, eight plants, three
days). Standing crops of nectar were significantly high-
er in 1994–1995 than in 1995–1996 (Table 6), but this
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TABLE 6. Standing crop of nectar in Bahama Swamp-bush
(Pavonia bahamensis), flowers during three different years.
Statistic
Nectar/flower/day (mL)
1994–1995 1995–1996 1996–1997
Mean 6 1 SD
Plants, flowers (N)
21 6 39.1a
6, 18
5 6 11.3b
9, 49
62 6 75.8c
8, 52
Notes: Mean and standard deviation of nectar per flower
(mL/d) are shown, along with sample sizes. Values with dif-
ferent superscripts are significantly different (Student’s t tests
corrected for sample sizes; P , 0.01).
may reflect larger sample sizes in 1995–1996 and
should not be overinterpreted.
DISCUSSION
This study provides the first empirical evidence that
hurricanes can significantly limit both resources and
pollination for fruit set of a bird-pollinated plant. Re-
source limitation of fruit set increased for P. baha-
mensis, reducing fruit set by 49% in 1995–1996 and
57% in 1996–1997 (Table 3). In 1996–1997 is seems
likely that resources were less available for fruit set
because Hurricane Lili stripped the leaves off most
shrubs and trees in October 1996. Local observers not-
ed that the leaves were stripped from most plants on
the island unless plants were protected. A concurrent
leaf demography study on P. bahamensis showed that
virtually no old, marked leaves remained in a January
1997 census (Rathcke, unpublished data) in contrast to
previous years when older, mature leaves were present
during our winter study periods. In the 1996–1997
study, most leaves were bright green and tender indi-
cating they were recently formed. Herbivory remained
generally low throughout the three years and probably
cannot account for differences in fruit set before and
after the hurricanes (Rathcke, unpublished data). The
high resource limitation in 1995–1996 is harder to ex-
plain. Perhaps here is a trade-off after an especially
high fruit set year in 1994–1995 or perhaps plants did
suffer some major effects of the mild Hurricane Erin
in 1995. Leaf stripping was not evident although clearly
the hurricane had removed local debris in the lakes and
probably had strong effects on the salinity the shrubs
experienced. Certainly salt water was blown onto the
plants from the lake as most of the debris among the
mangroves was completely removed.
Resource limitation of fruit set after hurricanes may
seem to be a likely response of plants, but no significant
effects on fruit set have been found for an orchid (Ack-
erman and Moya 1996) or a fig (Bronstein and Hossert-
McKey 1995). Although fruit set of P. bahamensis ap-
parently became resource limited after the hurricanes,
neither subsequent flower production nor nectar pro-
duction was decreased. Other studies have also found
no effects on flower production (Bronstein and Hossert-
McKey 1995; Ackerman and Moya 1996). These re-
sults support the assumption that the common declines
in nectarivorous birds after hurricanes reflect imme-
diate flower destruction and not subsequent flowering
after two to three months (Askins and Ewert 1991,
Lynch 1991, Will 1991, Wauer and Wunderle 1992,
Wunderle 1995, Murphy et al. 1998). Given that hur-
ricanes can open up the canopy, the increased sun ra-
diation may compensate for any leaf loss.
The severe pollination limitation of fruit set in 1996–
1997 can be strongly attributed to the decline in the
two pollinating bird species, Bananaquits and Bahama
Woodstars, after Hurricane Lili. In 1994–1995 before
the hurricanes, both species were frequent flowers vis-
itors and were observed every day in the study site. In
1996–1997, birds were almost never seen in the study
site or in nearby areas. The lack of flower visitation in
1996–1997 compared to the other two years is sup-
ported by both lower pollen depositions on stigmas and
by lower removal rates of nectar. A mist net census of
birds adjacent to my study site confirms that Banana-
quit populations were at unusually low numbers in Jan-
uary 1997, after the October 1996 Hurricane Lili (Mur-
phy et al. 1998).
The absence of Bananaquits in the study site in
1996–1997 appears to reflect a general population de-
cline throughout the island. Very few Bananaquits were
seen in a general island survey throughout January
1997 (Murphy et al. 1998). The population crash of
Bananaquits was most likely caused by destruction of
flower resources after Hurricane Lili rather than by any
direct effects of the winds increasing mortality (Mur-
phy et al. 1998). Insectivorous birds did not decline in
abundance which further suggests that bird mortality
was caused by destruction of plant resources and not
by the direct effects of the hurricane (Murphy et al.
1998). The only other bird species that decreased was
the White-eyed Vireo which tends to be frugivorous
(Murphy et al. 1998). Bahama Woodstars and Bahama
Mockingbirds were not captured successfully by mist
nets, so reliable data are not available on their popu-
lation numbers (Murphy et al. 1998).
If nectarivorous bird populations had not decreased
after the hurricane, flower visitation and pollination
could also have been reduced if birds changed their
foraging sites with changes in floral resources (e.g.,
Elmqvist et al. 1992, Grant et al. 1997). However, this
seems an unlikely explanation for these results of this
study. Neither subsequent flower production nor nectar
production showed any decrease in P. bahamensis three
months after the hurricanes (Tables 4 and 6). The
amount of nectar available in the site probably re-
mained relatively constant over the three years (1994–
1997) which suggests that resources would have at-
tracted and supported similar numbers of birds in all
three years. In fact, Murphy et al. (1998) suggest that
in 1996–1997, a few dominant Bananaquits in the area
defended the high nectar resources of P. bahamensis,
and therefore, were in better condition than other birds
in other habitats. However, the reasons for the low
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visitation of Bananaquits in 1995–1996 is not clear.
Whether foraging behavior changed or populations de-
clined after the mild hurricane Erin is unknown.
No compensatory pollination of P. bahamensis oc-
curred when the populations of these two bird polli-
nators declined. In 1996–1997, flowers were dripping
nectar and would have been more available to short-
tongued birds (Wolf and Stiles 1989). A single foraging
bout by a Bahama Mockingbird was observed, but this
additional visitor species did not provide a ‘‘fail-safe’’
pollination mechanism as has been seen for some other
tropical plant species (Wolf and Stiles 1989). However,
San Salvador has only two nectarivorous bird species
so the pollination of P. bahamensis is constrained by
bird species availability. Because island species often
have fewer pollinators than mainland species (Lack
1976, Woodell 1979, Feinsinger et al. 1982, 1985,
Spears 1987, Elmqvist et al. 1992), they may be es-
pecially vulnerable to disturbances, such as hurricanes,
that disrupt their pollinators. Having more pollinator
species can provide resiliency (Rathcke 1988, Rathcke
and Jules 1993, Rathcke 1998).
The effect of hurricane destruction on pollinators
will depend upon the degree of damage to plants and
pollinators (area, intensity, and frequency; Connell
1978), and the speed of recovery by plants (Vandermeer
et al. 1996) and pollinator populations. Will (1991)
noted that birds still had not rebounded after five years
in a hurricane-devastated forest of Nicaragua, but the
forest destruction there occurred on a very large scale
of 1000s of hectares. On San Salvador Island, Bana-
naquits have recovered quickly and apparently were
near prehurricane levels in February 1998, ;1.5 yr
after Hurricane Lili (M. Murphy, personal communi-
cation). Therefore, the hurricane effect on these bird
pollinators was relatively short lived. Other pollinators,
such as insects, may rebound quickly or even increase
after hurricanes. A hawkmoth pollinator of an orchid
appeared to become a more common visitor (although
pollen deposition was lower) after a hurricane (Ack-
erman and Moya 1996). Fig wasps appeared to return
to prehurricane levels within months after Hurricane
Hugo (Category 4) in Florida (Bronstein and Hossert-
McKey 1995). Whether insect-pollinated plants typi-
cally have a lower risk of pollination limitation than
bird-pollinated plants after hurricanes remains to be
documented.
Even if fruit set reduction by hurricanes occurs for
only a brief time due to either resource limitation and/
or pollination limitation, it could have long-term ef-
fects on recruitment because timing of seed dispersal
can be crucial. Hurricanes can provide major oppor-
tunities for new recruitment of plant individuals by
opening up gaps in the canopy (Connell 1978, Boucher
1990, Vandermeer et al. 1996). Therefore, even brief
reductions of fruit set after hurricanes could have sig-
nificant effects on population growth and long-term
persistence. As for many long-lived plants, seedlings
of P. bahamensis are rarely seen. It seems unlikely that
there is a persistent seed bank, but this is not known.
Whether the short-term reduction in fruit set had any
effect on subsequent recruitment is unknown.
Although fruit set of P. bahamensis was resource
limited after both mild and severe hurricanes, fruit set
was more strongly pollination limited (74%) than re-
source limited (57%) in 1996–1997 after the severe
Hurricane Lili. Although resource limitation of fruit
set may affect many plant species, bird-pollinated spe-
cies may be even more severely disadvantaged because
they may experience a double jeopardy of both resource
limitation and pollination limitation of fruit set. Wheth-
er this differentially affects the recruitment of bird-
pollinated plant species compared to other plant species
after hurricanes remains to be determined. It will be
interesting to determine if bird-pollinated species that
commonly experience hurricanes have other mecha-
nisms to compensate for this pollination disadvantage.
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